Abstract. To provide the design parameter of muon-muon collider, the production of positive pions in a protoninduced reaction at 14.6 GeV/c on Al and Cu, and the negative pions from the 6 inch thick target of Al and Cu measured by using the Alternating Gradient Synchrotron (AGS), were analyzed using the nuclear cascade model code Lahet.
INTRODUCTION
In recent years, there has been increasing interest in using high-intensity positive muon and negative muon collisions in muon-muon collider rings [l] . With the advent of high luminosity colliders, more stringent conditions are imposed on the intensity and emittance of the muon beam.
The muon beam's intensity and emittance are strongly related to the method of producing and collecting of secondary pions. Pions generated by injecting relativistic energy protons with high intensity into a target, such as solid tungsten, liquid mercury, or lead, have to be collected by a solenoid field. Due to the high-intensity proton beam, thermic processes and radiation damage in the target have to be considered, as is the case for an accelerator-driven reactor and spaUation neutron source. In the latter ease, we used the nuclear cascade code of LAHET [2] together with the MCNP code [3] which calculates the transport of neutrons less than 20 MeV energy, and also that of gamma-rays.
Positive and negative muons are produced from the decay of positive and negative pions, and the energy spectrum and angular distribution of the pions that are generated should be evaluated precisely so that these particle can be collected efficiently with a solenoid magnetic field. Currently, the pion productions has been studied theoretically by usng the Wang's model *Permanent address: Department of Physics, Qinghua University, Beijing, People's Republic of China.
and ARC model.
In this paper, we analyze the production of positive pions in a proton-induced reaction at 14.6 GeV/c on Al and Cu, measured by using the E-802 spectrometer at Brookhaven National Laboratory's Alternate Gradient Synchrotron(AGS) [7] . The production of negative pions from the 6 inch thick target of A1 and Cu [8] were analyzed using the Lahet code. The analyses indicated that the calculated yields are in reasonable agreement with the experimental findings for small angle production between 10 and 17 degrees azimuthal direction, but as the angle increases, the calculation gives a smaller value than the experimental one for thin target experiments. For the production of negative pions with low energy from thick targets, the theoretical and experimental values show reasonable agreement at small angles less than 20 degrees; however, the calculated production moving towards 30 degrees is much smaller than the experimental value. The reason for this difference might lie in the assumption used for the angular dependence of pion production which is adopted in the Lahet code. The Lahet code uses Sternheimer and Lindenbaum's isobaric model [7] for pion production, and a strongly anisotropic production of high energy pions is assumed in the single-pion production reaction.
LAHET CODE SYSTEM [2] The Lahet code was developed by Los Alamos Scientific Laboratory (LASL) from the nucleon meson transport code (NMTC) [8] and its extension of the high energy transport code (HETC) code [9] , which were originated at Oak Ridge National Laboratory (ORNL). It also incorporated the Isabel (Vegas) code [10] developed in Brookhaven National Laboratory (BNL). The Lahet code calculates an intra-nuclear cascade process that occurs in a high-energy nucleon-nucleus collision, and the inter-nuclear cascade of transport processes for nucleons, pions, muons, and high-energy photons in the assembly is expressed by general combinatorial geometry. This code system calculates heat generation, radiation damage, the production of charged particles, such as deuteron, He-3, tritium, and alpha particles, thus, it has been used extensively with Monte Carlo calculations for designing a spallation neutron source and accelerator-driven reactor, together with another Monte Carlo code, the MCNP code, which calculates the transport of lowenergy neutrons of less than 20 MeV and also of gamma-rays. As discussed, this code calculates pion production, and it also handles the decay of pions to muons, so it is a very useful tools for evaluating the design of the target for producing pions which can be captured by a solenoid magnetic field.
Meson production model
The Lahet code uses the Sternheimer-Lindenbaum's isobar model [SL, 58, 61 ] to assess the rpoduction of pions. Pionsare assumed to be produced through the decay of an isobar that is formed b.y a nucleon when it is excited in a collision. For example, N + N ~ N + N* ,or ---N* + N , with each N* --, ~r + N. However, the final-state momentum distributions of the recoil and decay products are unspecified because neither the angular distributions of the decay pion nor the isobars themselves are specified.
Since this isobar model only accounts for single-and double-pion production in nucleonnucleon collisions and single-pion production in pion-nucleon collisions, and because the practical thresholds for ternary-pion production by nucleons and double-pion production by pions are about 3.5 GeV and 2.5 GeV, respectively, the pion-production model used in these codes limits the maximum nucleon and pion energies that may be treated using the intranuclear-easeade sub-program. To deal with the higher energy reactions, the extrapolation model of Garthier [11 Ga] was adopted.
We now consider a particle-nucleus collision by a particle ( nucleon or charged pion) with energy E 0 and a collision with the same nucleus by the same type of particle but at some higher energy E0' , where E o and E o' are kinetic energies in the laboratory system. The extrapolation model for relating the products from the" slow" collision at E 0 to the products from the " fast" collision at E o' is based upon the following four assumptions: (i) The total non-elastic cross section above E 0 is independent of the energy of the incident particle-i.e.: a(E0' ) = a(E0).
(ii) The residual excitation energy after both the fast and slow collisions is the same. (iii) The transverse momentum in the center of momentum (CM) system of each particle produced is assumed to be the same in the fast and slow collisions -i.e.
Pei' sin Oei ----Pei sin 0el
(I)
where c denotes CM quantities, i denotes the type of particle (neutron, proton, x +, ~r', or ~r°), P is the momentum, and 0 is the polar angle with respect to the direction of the incident particle.
To make this transformation unique, it is further assumed that the sign of coS0ei is the same as the sign of COSOei.
(iv) To relate the energies of the particles produced in the fast and slow collisions, the following scaling relation for kinetic energies is postulated :
Using the above assumptions, we can determine the conservation of energy in the CM system for the fast and slow collisions and the momentum of the fast collision in the laboratory system; and the results of the intranuclear-cascade calculation at Eo, the energy, direction of each emitted particle and the excitation energy, the recoil energy, and the mass of the residual nucleus are determined for collisions at Eeo'.
In the Lahet code, Ema x is fixed at 3.5 GeV for nucleon-nucleus collisions and at 2.5 GeV for pion -nucleus collisions since these are the maximum energies allowed by the intranuclear cascade routines.
ANALYSIS OF THE PION PRODUCTION EXPERIMENT USING THE LAHET
CODE.
a. Analysis of the production of high-energy positive pions from thin targets of AI and Cu.
Particle production in proton-induced reactions at 14.6 GeV/c on Be, A1, Cu and Au targets was systematically measured using the E-802 spectrometer at the BNL's Alternating Gradient Synchrotron. Particles were measured in the angular range from 5 to 58 degrees. The calculation was encompassed a rather small sampling number of 104"10 batch protons. Figure 1 compares the energy dependency of pion-production at angles at theta = 7.2 to 20.2 degrees for an aluminum target. At an angle of 7.2 the calculated production is little smaller that the experimental value, although the calculated energy dependence is in good agreement. At a 10.6 degree angle, the calculation shows remarkably good agreement. As the angle increases to more than 16.5 degrees, the calculated production of 1 Mev energy pions agree well with experimental finding, but the values for assesed pions with energy above 1 MeV decrease very rapidly as pion energy increases. Figure 2 compares the case of the Au target, where a similar trend is observed as in the case of aluminum target. At a 7.2 degree angle, the calculated value is slightly less than that in the experiment. At 10.6 degrees, the calculation shows good agreement with the experiment, but for the production of pions with 1 MeV energy, the code gives values that a factor two smaller than the experimental results. As the angle increases, the value for low-energy pion production are close, but the calculated production of high-energy pions becomes smaller than the experimental production as pion energy increases.
b. Analysis of the production of low-energy negative pion from thick targets of A1 and Cu.
Another experiment with the AGS machine was carried out for using the thin and thick targets of AI, Cu and W to evaluate the production of negative pions for medical use. The production cross section are measured for the negative pions with low momentum from 0.15 to 0.35 GeV/c momentum at four production angles from 0 to 30 degrees; the target materials were Al,and Cu with dimensions of 2"width and 2"height and thickness up to 6". The protons were incident on the production target after passing through a Cerenkov counter, filled with Freon-12, which identified positive pions in the beam, and three beam counters with transverse dimensions smaller than the target, which therefore defined the target area through the trigger requirement. A momentum acceptance of proton dp/p = 12 % and negative secondary particles were identified by their time of flight for the 16 ft trajectory between the beam counter and the scintillation counter which was placed immediately behind each downstream hodoscope. The moments of the proton beam are 6 and 17 Gev/c, and its beam size was 1.25" wide and 1.5" high.
The total sampling number used in the Monte Carlo calculation is 104 xl0 batches which is used in the same as the above case. The dependence of the yield of pions on target length can be investigated by analyzing these data. Figure 3 compares the numbers of negative pions produced per unit incident proton in units of GeV/c momentum from 0 to 30 degrees at intervals of 10 degrees. At 0 degree, the calculated production of pion with up to 0.25 GeV/c momenta agrees excellently with the experimental values for both 6 GeV/c and 17 GeV/c incident momenta protons, but the agreement deteriorates for the production of pionswith higher momenta of 0.3 to 0.4 GeV/c. Similar trends are observed in pion production in both the 10 and 20 degree directions, although the agreements are not as good they are for 0 degree. For production in the 30 degree direction, the calculated values for 17 GeV proton incident momentum are much smaller than the experimental ones for high pion momentum of 0.25 to 0.4 MeV/c. As shown in fig.3 .d, pion production calculated for a proton incident momentum of 17 Gev/c is smaller than that for 6 GeV/c. Similar trends are observed figure 4 for Copper target. The calculated production of high momentum pions is lower than the experiment. Figure 5 shows negative pion production in the high momentum range up to 3 GeV/c for an incident proton momentum of 6 GeV/c, and figure 6 
CONCLUSION
The analysis of the pion production experiments by the Lahet code system indicated that there is reasonable agreement between the calculations and the experimental data for small angular regions less than 20 degrees. The experiment shows the more isotropic angular distribution even for high momentum pions above 0.3 GeV/c. However, the calculated value for large angle production are far smaller than the experimental values. In the l.ahet code, the angular distribution of single pion production is assumed to be composed of two components, of an isotropic part and a strongly anisotropic one, which is expressed as a delta function for forward and backward directions. The percentage (fan) of anisotropic components are shown in the table 1. This strong anisotropic production for high-energy pions in the single pion production process might be the cause of the disagreement for large angle production. In the next study, we plan to correct this deficiency, and a revised code will be applied for designing the target assembly and the solenoid collecting coil for capturing pions and their decayed muons. Table 1 . The anisotropic factor for the angular distribution of single pion production. per an incident proton with 17 GeV/c momentum.
